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Abstract By using high-resolution observations of nearly co-temporal and co-
spatial Solar Optical Telescope spectropolarimeter and X-Ray Telescope coronal
X-ray data onboard Hinode, we revisit the problematic relationship between
global magnetic quantities and coronal X-ray brightness. Co-aligned vector mag-
netogram and X-ray data were used for this study. The total X-ray brightness
over active regions is well correlated with integrated magnetic quantities such
as the total unsigned magnetic flux, the total unsigned vertical current and
the area-integrated square of the vertical and horizontal magnetic fields. On
accounting for the inter-dependence of the magnetic quantities, we inferred that
the total magnetic flux is the primary determinant of the observed integrated
X-ray brightness. Our observations indicate that a stronger coronal X-ray flux
is not related to a higher non-potentiality of active-region magnetic fields. The
data even suggest a slightly negative correlation between X-ray brightness and
a proxy of active-region non-potentiality. Although there are small numerical
differences in the established correlations, the main conclusions are qualitatively
consistent over two different X-ray filters, the Al-poly and Ti-Poly filters, which
confirms the strength of our conclusions and validate and extend earlier studies
that used low-resolution data. We discuss the implications of our results and the
constraints they set on theories of solar coronal heating.
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1. Introduction
Solar active-region coronal loops appear bright in EUV and X-ray wavelengths,
which is indicative of very high temperatures of the order of a million degrees
Kelvin. The origins behind these high-temperature coronal structures remain
elusive. An energy flux of about 107 ergs cm2 s−1 is required to maintain this
high temperature of the coronal plasma (Withbroe and Noyes, 1977). It has been
suggested that there is a one-to-one correspondence between the location of the
magnetic fields in the photosphere and bright coronal structures in the corona
(Vaiana et al., 1973) and we know that most of the coronal X-ray luminosity is
concentrated within active-region magnetic-flux systems.
Several theories have been proposed to explain the heating of coronal struc-
tures (Zirker, 1993; Narain and Ulmscheider, 1996; Aschwanden, 2004 ; Klimchuk, 2006).
These theories are broadly classified into two subcategories: DC heating model,
i.e. the nano-flare heating model (Parker, 1988), and the AC heating model,
i.e. the wave-heating theory (e.g. see the review by Aschwanden, 2004 ). In the
AC heating model, high-frequency MHD waves are generated in the magnetic
foot points of active regions and propagate through magnetic loops in the corona.
These waves dissipate their energy in the corona (Narain and Ulmscheider, 1996).
Although recent observations reveal that MHD waves propagate into the quiet
solar corona (Tomczyk et al., 2007), it is unclear whether these MHD waves
alone can heat the corona to such a high temperature (Mandrini, Demoulin and Klimchuk, 2000;
Cirtain et al., 2013). Alternatively, DC-heating models are proposed to explain
the heating of active regions where nanoflare-like small bursts (each of energy
1024 erg) can liberate energy by magnetic reconnection – driven by the con-
stant shuffling of magnetic foot points by turbulent convective motions just
beneath the photosphere (Parker, 1988; Cirtain et al., 2013). It has been sug-
gested recently that waves can play a major role in heating the quiet-Sun corona
(McIntosh et al., 2011; Wedemeyer-Bo¨hm et al., 2012), while for coronal active
regions the additional DC heating mechanism must play a role (Parker, 1988;
Klimchuk, 2006).
To examine the relative roles of diverse physical mechanisms in the context
of coronal heating, it is essential to have information on the coronal magnetic
and velocity field. Current instrumentation is still at a nascent stage, however,
and is inadequate for such coronal diagnostics (Lin, Kuhn, and Coulter, 2004).
Since coronal field lines are linked to the photosphere, another approach is
possible: exploring the relationship between photospheric magnetic-field param-
eters and brightness of the coronal loops. In earlier studies, Fisher et al. (1998)
and Tan et al. (2007) investigated the relationship between the X-ray luminos-
ity and photospheric magnetic-field parameters. These two studies reported a
strong correlation between the X-ray luminosity and the total unsigned magnetic
flux. Tan et al. (2007) also found a good correlation between the average X-ray
brightness and average Poynting flux, but ruled out any correlation between the
velocity of footpoint motions and total X-ray brightness. Their computed Poynt-
ing flux had a range between 106.7 and 107.6 ergs cm−2 s−1, which is enough to
heat the corona (Withbroe and Noyes, 1977). Using data from other wavelengths
(UV/EUV channels), Chandrashekhar et al. (2013) also found a good correlation
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between total emission from bright points and total unsigned photospheric mag-
netic flux. Forward-modelling of active regions also suggests a direct correlation
between magnetic flux and X-ray luminosity (Lundquist et al., 2008).
The net current is a measure of non-potentiality of the magnetic field in the
active region. In active-region flare and coronal-mass-ejection processes, the non-
potentiality of the magnetic field can play a significant role (Schrijver et al., 2006;
Jing et al., 2006; Wang et al., 2008). As a result of the low resistivity, large-scale
(103 km) currents cannot dissipate sufficiently in the corona (Hagyard, 1988);
thus these currents may have no contribution to coronal heating. Earlier ob-
servations do not find a strong relationship between the total X-ray luminosity
and total vertical current (Metcalf et al., 1994; Fisher et al., 1998). Note that
Wang et al. (2008) showed the existence of 3D current structures over active
regions. Another traditionally used measure for magnetic non-potentiality is the
parameter αbest which appears in the force-free field equation and which is
thought to be related to the wrapping of magnetic-field lines along the axis
of an active-region flux tube (i.e. the twist of magnetic-field lines). Observation
shows that there is no significant correlation between X-ray brightness and αbest
(Fisher et al., 1998; Nandy, 2008). While many studies have used αbest as the
measure of the twist in the solar active region, this is questionable because
the photosphere is not deemed to be force-free (Leka, Fan, and Barnes, 2005).
Other studies have shown that a polarity-inversion line near coronal-loop foot
points and strong magnetic shear may also result in enhanced coronal emission
(Falconer, 1997; Falconer et al., 1997, 2000).
Longcope (1996) proposed the minimum current corona (MCC) model where
coronal heating was described as a series of small reconnection events punctuat-
ing the quasi-static evolution of coronal field. This model qualitatively predicts
the variation of the X-ray luminosity with the total flux that closely matches ob-
servations (Fisher et al., 1998). Wang et al. (2000) have observed bright coronal
loops and diffused coronal loops that are associated with the quasi-separatrix
layers (QSLs). Since QSLs are the places where energy release occurs through 3D
magnetic reconnection, they concluded that QSLs are important for heating the
active-region corona and chromosphere. By analysing the X-ray images taken
from Hinode/X-Ray Telescope (XRT) and correspondingMichelson Doppler Im-
ager (MDI) line-of-sight magnetograms, Lee et al. (2010) found a relationship
between coronal-loop brightness and magnetic topologies in AR 10963. They
also found that frequent transient brightenings in coronal loops are related to
separators that have a large amount of free energy.
Here we revisit the coronal-heating problem with space-based vector-magnetogram
data, which are free from atmospheric seeing effects, which can produce cross talk
between various Stokes parameters. Such space-based magnetic field measure-
ments have also reduced atmospheric scattered light contribution. The obtained
vector-field data are of very high resolution, thereby reducing the effect of filling
factor. In this article, we use X-ray images taken from two filters (Ti-poly and
thin Al-poly) of the XRT telescope onboard the Hinode spacecraft and vector
magnetic-field measurements taken from the Spectro-Polarimeter (SP) of Solar
Optical Telescope (SOT) to study the relationship between the X-ray brightness
and magnetic-field parameters in active-region flux systems. This study extends
ms.tex; 28/08/2018; 9:34; p.3
S. Hazra et al.
previous work that used lower resolution Yohkoh data (Fisher et al., 1998). We
also, incidentally, explore the effect of the filter response (which is mainly af-
fected by deposition of unknown materials on CCD cameras) on the relationship
between X-ray brightness and magnetic-field parameters. In Section 2 we provide
the details of the data used in this study. In Section 3, we detail our results. In
Section 4, we discuss the implication of our results for the heating of the solar
corona.
2. Data Analysis
2.1. Data Selection
The X-ray telescope (XRT: Golub et al., 2007) onboard the Hinode spacecraft
(Kosugi et al., 2007) takes images of the solar corona at a spatial resolution of
one arcsec per pixel using different filters. XRT images are of the size 2k×2k
pixel, which covers a 34×34 square arcmin field of view (FOV) of the solar
corona. XRT observes coronal plasma emission in the temperature range 5.5 <
logT < 8, which is realized by different X-ray filters, that have their own pass-
band, corresponding to different responses to plasma temperature. Within a
few months of the launch of the Hinode spacecraft, contaminating materials
were deposited on the CCD, which significantly impacted the filter response,
specifically for observations of longer wavelengths. Regular CCD bakeouts were
unable to completly remove this contamination. As the effect of the contam-
ination is mainly wavelength-dependent (the long-wavelength observations are
affected more strongly), the observations from the thin Al-poly/Al-mesh filter
are more heavily affected than the other filters such as Ti-poly, and Be-med. For
the present study, we have used data taken from Ti-poly and the thin Al-poly
filter, which observe the solar coronal plasma at temperatures higher than 2 MK
and 0.5 MK, respectively. Therefore, we have a point of comparison to establish
whether filter degradation may play a role in the inconsistencies of the results.
˜ The Spectro-Polarimeter (SP: Ichimoto et al., 2008) is a separate back-end
instrument of the Solar Optical Telescope (SOT: Tsuneta et al., 2008) onboard
the Hinode spacecraft. The SP provides Stokes signals with high polarimetric
accuracy in the 6301 and 6302 A˚ photospheric lines. The primary product of the
Stokes polarimeter are the Stokes-IQUV profiles, which are suitable for deriving
the vector magnetic field in the photosphere. The spatial resolution along the
slit direction is 0.295′′ pixel−1; in the scanning direction it is 0.317′′ pixel−1.
The Stokes vector was inverted using the MERLIN code, which is based on the
Milne–Eddington inversion method. The inverted data provide the field strength,
inclination and azimuth along with the Doppler velocity, continuum images, and
many other parameters. The processed data were obtained from the Community
Spectropolarimetric Analysis Center (CSAC). We corrected for the ambiguity in
the transverse component of the magnetic field using the minimum-energy algo-
rithm (Metcalf, 1994; Leka, Barnes, and Crouch, 2009). The resulting magnetic-
field vectors were transformed into heliographic co-ordinates (Venkatakrishnan and Gary, 1989).
We selected 40 different NOAA active regions observed at different times of the
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Table 1. NOAA active regions and time of corresponding XRT X-ray Ti-poly
filter and SP magnetogram data
Date NOAA Magnetogram scan XRT X-ray (Ti-Poly)
active region start time [UT] observation time [UT]
1 May 2007 10953 05:00:04 05:00:57
1 Jul. 2007 10962 13:32:05 13:31:51
15 Jul. 2010 11087 16:31:19 16:30:53
10 Aug. 2010 11093 09:15:04 09:14:18
31 Aug. 2010 11102 02:30:04 02:30:42
23 Sep. 2010 11108 07:21:05 07:21:12
26 Oct. 2010 11117 10:45:46 10:51:55
22 Jan. 2011 11149 09:31:28 09:43:22
14 Feb. 2011 11158 06:30:04 06:30:02
4 Mar. 2011 11164 06:15:06 06:15:04
31 Jan. 2012 11411 04:56:32 04:57:24
18 Feb. 2012 11419 11:08:53 11:10:10
8 Mar. 2012 11429 21:30:05 21:32:22
22 Apr. 2012 11463 04:43:05 04:48:31
12 May 2012 11476 12:30:50 12:30:41
18 May 2012 11479 04:47:05 04:48:38
5 Jul. 2012 11517 03:45:35 04:18:11
12 Jul. 2012 11520 11:12:28 11:12:45
14 Aug. 2012 11543 14:35:05 14:35:30
25 Sep. 2012 11575 12:49:06 12:50:08
year. We also excluded active regions whose central meridional distance was
greater than 30◦. We took the vector magnetogram data close to the timings of
soft X-ray data obtained from both the Ti-poly and the Al-poly filter of the XRT.
In Table 1 and 2 we list the different active regions used in this study, the date
and time of the observations of the vector magnetogram, and the corresponding
soft X-ray data. After these two sets of data, we also obtained the G-band data
taken by the X-Ray Telescope. These data were used for to co-align each of the
data sets. For each selected vector magnetogram, we simulteniously took XRT
X-ray (Ti-poly and Al-poly) data and G-band data. Throughout this article, we
use the term Ti-poly dataset to represent the X-ray image obtained from the
Ti-poly filter of XRT onboard Hinode. Similarly, we use the term Al-poly for
the data taken from the Al-poly filter. There is always a corresponding vector
magnetogram associated with these data sets. The X-ray data were calibrated
using the xrt prep.pro available in the Solarsoft routines. The calibrated data
were normalized to a one-second exposure time.
2.2. Data Coalignment
To overlay the XRT X-ray data with vector magnetograms, we first co-aligned
the G-band data taken by XRT telescope with the continuum image. The con-
tinuum image was obtained by inverting the Stokes data set. To do this, we first
identified the dark center of the sunspot in the G-band and continuum images.
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Table 2. NOAA active regions and time of corresponding XRT X-ray Al-poly
filter and SP magnetogram data
Date NOAA Magnetogram scan XRT X-ray (Al-Poly)
active region start time [UT] observation time [UT]
30 Aug. 2011 11280 07:35:23 07:35:36
13 Sep. 2011 11289 10:34:05 10:34:24
28 Sep. 2011 11302 18:38:05 18:38:16
28 Nov. 2011 11360 00:05:20 00:03:04
31 Jan. 2012 11410 04:56:32 05:25:10
1 Feb. 2012 11413 08:51:31 09:03:35
8 Mar. 2012 11429 01:20:05 01:23:50
22 Apr. 2012 11463 04:43:05 04:55:22
16 Aug. 2012 11543 13:35:05 13:35:19
25 Sep. 2012 11575 12:49:06 12:50:37
2 Oct. 2012 11582 09:53:06 09:54:39
17 Oct. 2012 11589 09:06:01 09:06:22
28 Oct. 2012 11594 01:40:05 01:42:23
17 Nov. 2012 11613 10:25:06 10:25:37
17 Nov. 2012 11619 12:49:06 12:50:37
10 Feb. 2013 11667 14:30:04 14:31:22
15 Mar. 2013 11695 09:30:51 09:33:22
31 Aug. 2013 11836 18:14:36 18:15:25
27 Sep. 2013 11850 09:30:05 09:30:06
Later, we interpolated the continuum image data to the XRT image resolution.
In the next step, we choose the same field of view (FOV) in the two data sets.
By using the maximum-correlation method, we then co-aligned the continuum
images with the G-band images. A similar shift was applied to the vector field
data to co-align the entire dataset with X-ray images of the XRT dataset.
3. Integrated Quantities
We derived various integrated quantities and compared them with the X-ray
brightness. We computed the individual as well as integrated quantities such as
total magnetic flux, and total magnetic energy etc and compared them with the
X-ray brightness. Below, we describe each of these quantities.
3.1. Active-Region Coronal X-Ray Brightness
The integrated X-ray brightness [Lx] was computed by summing the values of
each bright pixel in the image and then multiplying by the pixel area. The bright
pixels were selected by using the threshold values. We found the rms value in
the X-ray image and selected only those pixels whose value were higher than the
1-σ level (the rms value) of the image.
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3.2. Global Magnetic-Field Quantities
Since our selected active regions are close to the disk centre, the magnetic-field
vectors are horizontal and vertical to the solar surface. Using the Bx, By, and
Bz components, it is possible to define the integrated quantities, which can be
correlated with the X-ray brightness to find the relationship between the two
(for detailed information about integrated quantities, see Fisher et al., 1998,
Leka and Barnes, 2007). We selected pixels in Bx, By and Bz whose values are
greater than the 1-σ level of these images. The following integrated quantities
were computed from magnetic field components:
φtot =
∑
|Bz|dA (1)
B2
z,tot =
∑
B2zdA (2)
B2
h,tot =
∑
B2hdA (3)
Jtot =
∑
|Jz |dA (4)
Here Bz and Bh represent the vertical and horizontal magnetic field, Jz is the
vertical current density, and
∑
dA is the effective area on the solar surface. Since
the ratio of the vertical current density and magnetic field is related to the hand-
edness or chirality (twist) of the underlying flux tube (Longcope, Fisher, and Pevtsov, 1998),
we also introduced a quantity µ0Jtot/φtot (ratio of unsigned total current and
unsigned total magnetic flux), which has the same units as the twist and can thus
be taken as a proxy for it. Highly twisted flux tubes are strongly non-potential,
and thus the quantity above is a measure of the non-potentiality of active region
flux systems.
We computed all of the magnetic quantities from the vector magnetogram for
all active regions. The average estimated errors of the magnetic variables: Bz ,
Jz, B
2
z , and B
2
h are 8 G, 45 mA, 64 G
2, and 800 G2.
4. Results
Figure 1 shows the contours of the Bz-component of the magnetic field overlaid
on the X-ray image of active region NOAA 11093 after co-aligning the images.
The contour map shows that the X-ray brightness in the corona overlying the
umbral part of the sunspot is lower than that of the loops emanating from the
penumbral part of the active region. The bright loops are associated with the
plage regions as has been observed before (Pallavicini et al., 1979). The loops
are still not fully resolved in the XRT images, but the cluster of loops clearly
turn in a clockwise direction. On the west side of the sunspot, the loop structures
are absent. At the same location in the photosphere, large-scale plage structures
are also absent. This may indicate that large-scale plage regions are essential
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Figure 1. The contours of vertical magnetic field overlaid upon the X-ray image of Active
Region NOAA 11093 taken in Ti-poly filter by the XRT telescope. Contours with thick solid
lines (white) represent the positive magnetic fields with a field strength level of 500, 1000,
1500, 2000, and 3000 G; thin solid lines (black) represent the negative vertical magnetic field
at the same level.
for the loops to appear in X-rays. Thus we note that a visual spatial correlation
exists between the location of the plages and the bright loops in X-rays.
4.1. Correlation Between Global Magnetic Field Quantities and X-ray
Brightness
We explored the relationship between total (area-integrated) magnetic quantities
and X-ray brightness in active regions. We used the XRT data for 20 active
regions each in the Ti-poly and Al-poly data sets (all data are listed in Tables
1 and 2). We only selected those pixels whose intensity values exceeded a 1-σ
threshold in the X-ray and magnetic images. Figure 2 shows the contour map of
1-σ level threshold of X-ray brightness overlaid upon the X-ray image of Active
Region NOAA 11093. The 1-σ level threshold line of the contour map clearly
indicates the borders of the bright loops.
Figures 3 and 4 depict the relationship between the X-ray brightness and total
unsigned magnetic flux (top-left), B2
z,tot (top-right), B
2
h,tot (bottom-left), and
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Figure 2. Contour map of the 1σ level of X-ray brightness overlaid on the X-ray image of
the Active Region NOAA 11093.
unsigned Jtot (bottom-right) in logarithmic scale. Figure 3 is for the data sets
of Table 1, i.e. Ti-poly filter and Figure 4 is for the data sets of Table 2, i.e.
the Al-poly filter. The coronal X-ray brightness and the global magnetic-field
parameters in both data sets are clearly correlated; although the correlation
coefficients are numerically somewhat different, they are qualitatively similar
(for quantative correlation coefficients see Table 3).
Non-potential flux systems are known to be storehouses of free energy, and
it is often assumed that therefore, a coronal energy release in X-rays should
be positively correlated with measures of non-potentiality. Figure 5 depicts
the relationship between X-ray brightness and the non-potentiality measure
µ0Jtot/φtot. The top plots are for data sets of Table (Ti-poly filter data),
the bottom plots are for data sets of Table 2 (Al-poly filter data). The X-ray
brightness is anti-correlated with µ0Jtot/φtot in both cases.
To determine which of the magnetic quantities contributes predominantly to
the X-ray brightness, we need to examine whether there is any inter-dependence
between the global magnetic quantities. In Section 4.2, we follow Fisher et al.
(1998) in this analysis and establish the correlation between each of the mag-
netic parameters with the total unsigned flux first and also perform a partial
correlation analysis to extract the true underlying dependencies.
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Figure 3. Relationship between X-ray brightness and global magnetic-field quantities φtot,
Jtot, B
2
z,tot, and B
2
h,tot (using the data set of Table 1, i.e. the Ti-poly filter). Correlation
coefficients are listed in Table 3.
4.2. Correlations Among Global Magnetic-Field Quantities and Partial
Correlation Analysis
Figure 6 (see also Table 3) shows the inter-dependence of the total unsigned
magnetic flux and all other magnetic variables, such as the total absolute current,
B2
z,tot, B
2
h,tot, and µ0Jtot/φtot. Each of these magnetic parameters shows a
good correlation with the total unsigned magnetic flux, which means that they
are related to each other through size (area integration). To find the relationships
between the different magnetic parameters, we carried out a partial-correlation
analysis. In the partial-correlation technique, the correlation between the two
dependent variables is examined after removing the effects of other variables. Ta-
ble 4 shows the partial correlation coefficients between the X-ray brightness and
integrated magnetic quantities (except for the magnetic flux) after removing the
effect of magnetic flux. Again, we find that although the correlation coefficients
are numerically somewhat different, they are qualitatively similar across the two
filters. We do not find any significant correlation between X-ray brightness and
other magnetic quantities (except for a slightly negative correlation for Jtot,
which is lower for the Ti-poly filter). Thus, it appears that the total magnetic
flux is the primary positive contributor to the total coronal X-ray flux over solar
active regions.
ms.tex; 28/08/2018; 9:34; p.10
Relationship between Coronal X-Ray Brightness and Active Region Magnetic Fields
1021 1022 1023
106
107
108
φtot (Mx)
X−
R
ay
 (D
N 
s−1
)
1013 1014 1015
106
107
108
Jtot (A)
X−
R
ay
 (D
N 
s−1
)
1024 1025 1026
106
107
108
B2
z,tot (G
2
 cm2)
X−
R
ay
 (D
N 
s−1
)
1024 1025 1026
106
107
108
B2h,tot (G
2
 cm2)
X−
R
ay
 (D
N 
s−1
)
Figure 4. Relationship between X-ray brightness and global magnetic-field quantities φtot,
Jtot, B
2
z,tot, and B
2
h,tot (using the data set of Table 2, i.e. the Al-poly filter). Correlation
coefficients are listed in Table 3.
4.3. Filter Issues in the X-ray Data
Our analysis shows that there are minor differences in the established relation-
ships gleaned from the Ti-poly and Al-poly data sets. We suggest that this small
difference in results can be explained as a consequence of contamination in CCDs
that could have altered the filter response. The Ti-poly X-ray data and Al-poly
X-ray data have strong linear correlation (linear correlation coefficient 0.99)
which indicates that there are no calibration problems with the XRT data (see
Figure 7). Taken together with the fact that the results are qualitatively similar
from both filters, this lends strong credence to the data and our conclusions.
5. Summary and Discussion
A dominant fraction of coronal X-ray emission is known to originate within
strongly magnetized active-region structures. To establish which of the magnetic-
field quantities within these active regions contributes to the observed X-ray
brightness, we have analysed the X-ray data from the XRT instrument and
vector magnetic field measurements from the SP instrument onboard the Hinode
spacecraft. We observed a good correlation between the total area-integrated
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Figure 5. Scatter plots of X-ray brightness with µ0Jtot/φtot (top plot is for the data set of
Table 1, i.e. the Ti-poly filter, the bottom plot is for the data set of Table 2, i.e. the Al-poly
filter). Correlation coefficients are listed in Table 3
magnetic field parameters and the X-ray brightness. A strong correlation is
observed with the total unsigned magnetic flux and closer inspection indicates
that other magnetic parameters are correlated with the X-ray brightness through
their dependence on magnetic flux. This establishes that the magnetic flux (and
thus size) of the systemmatters. It is generally observed that larger active regions
have higher magnetic flux than smaller active regions, which suggests that larger
active regions are brighter in X-rays than the small active regions. This result
reconfirms the earlier result of Fisher et al. (1998), which was based on lower
resolution data and is valid across a range of orders of magnitudes across stars
and other astrophysical objects (Pevtsov et al., 2003).
A large amount of total current is indicative of a highly non-potential active
region with a large reservoir of energy. Does this larger energy reserve due to non-
potentiality directly translate into stronger coronal X-ray emission?. Large-scale
current systems are known to produce large-scale flares (Schrijver et al., 2008).
It has previously been shown by Nandy et al. (2003) that the variance in the
distribution of the local twist within active-region flux systems is also an indica-
tor of the flare productivity of active regions. However, even if this background
is suggestive of the role of active region non-potentiality in the release of energy
and one might surmise also in coronal heating, we did not find this to be the
case here. In fact, we found a (weak) negative correlation between X-ray flux and
ms.tex; 28/08/2018; 9:34; p.12
Relationship between Coronal X-Ray Brightness and Active Region Magnetic Fields
Table 3. Correlation coefficients between different parameters
Figure Correlated quantities Pearson correlation Spearman correlation
number coefficients with coefficients with
confidence levels confidence levels
Figure 3 X-ray brightness vs. φtot 0.81 (99.99%) 0.83 (99.99%)
(Ti-Poly) X-ray brightness vs. Jtot 0.31 (98.52%) 0.50 (96.63%)
X-ray brightness vs. B2
z,tot 0.81 (99.99%) 0.75 (99.99%)
X-ray brightness vs. B2
h,tot 0.79 (99.98%) 0.79 (99.98%)
Figure 4 X-ray brightness vs. φtot 0.90 (99.99%) 0.89 (100%)
(Al-Poly) X-ray brightness vs. Jtot 0.62 (99.99%) 0.76 (100%)
X-ray brightness vs. B2
z,tot 0.91 (99.99%) 0.71 (99.99%)
X-ray brightness vs. B2
h,tot 0.81 (99.67%) 0.85 (99.99%)
Figure 5 X-ray brightness vs. -0.59 (96.91%) -0.54 (82.16%)
µ0Jtot/φtot (Ti-poly)
X-ray brightness vs. -0.55 (97.1%) -0.54 (97.92%)
µ0Jtot/φtot (Al-poly)
Figure 6 Jtot vs. φtot 0.57 (99.99%) 0.63 (100%)
B2
z,tot vs. φtot 0.99 (99.99%) 0.98 (99.99%)
B2
h,tot vs. φtot 0.91 (99.99%) 0.88 (99.99%)
µ0Jtot/φtot vs. φtot -0.54 (98.86%) -0.61 (99.94%)
Table 4. Partial correlation coefficients between different quantities for
different filters
Correlated quantities Partial Correlation Coefficient
(controlling φtot ) Ti-Poly Al-Poly
(Table 1 data set) (Table 2 data set)
X-ray brightness vs. Jtot -0.45 -0.64
X-ray brightness vs. B2
z,tot 0.37 0.29
X-ray brightness vs. B2
h,tot 0.32 0.25
a measure of non-potentiality, namely µ0Jtot/φtot. If it does really exist, this
correlation has no obvious explanation (at least at this time). Previous studies
have shown that active-region non-potentiality has a stronger correlation with
flare productivity than magnetic flux (Song et al., 2006; Jing et al., 2006). On
the other hand, we found a stronger correlation between X-ray brightness and
unsigned magnetic flux. Thus, one can argue that while non-potentiality may be
an important determinant of localized heating related to flare productivity, the
total unsigned magnetic-flux content is the primary factor governing large-scale
coronal heating over the active regions.
For the Alfve´n wave-heating model (e.g. see the review by Aschwanden,
2004 ), magnetic flux is related to the power dissipated at the active region
through the square of the Alfve´n velocity, whereas the X-ray brightness would
ms.tex; 28/08/2018; 9:34; p.13
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Figure 6. Relationship of global magnetic quantities Jtot, B
2
z,tot, B
2
h,tot, and µ0Jtot/φtot
with φtot. Correlation coefficients are listed in Table 3.
be some fraction of this power – which also indicates that there should be a re-
lationship between total X-ray brightness and the total magnetic flux. However,
based on a detailed analysis, Fisher et al. (1998) showed that the energy in these
waves is not sufficient to explain the observed level of coronal heating. The MCC
model (Longcope, 1996) also predicts a strong correlation between total X-ray
brightness and total magnetic flux. On the other hand, in the nano-flare heating
model (Parker, 1988) the power dissipated in active-region coronae is related to
B2
z,tot, suggesting that the total X-ray brightness would be strongly correlated
with B2
z,tot rather than φtot.
Our observations and analysis suggest that the MCC model is a viable con-
tender as a physical theory for the heating of solar and stellar coronae. Never-
theless, we note that it is very likely that a variety of physical processes may
contribute to coronal heating to different extents; there are numerous other
subtleties in the coronal-heating problem that are far from being settled and
need further investigations.
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Figure 7. X-ray data obtained from the Ti-poly and Al-poly filters. The linear correlation
coefficient is 0.99.
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